Biofilm formation and cell-cell sensing by the pioneer dental plaque colonizer Streptococcus gordonii are dependent upon arginine. This study aimed to identify genetic factors linking arginine-dependent responses and biofilm formation in S. gordonii.
| INTRODUCTION
The formation of dental plaque is initiated by the attachment of pioneer colonizers to the tooth surface. 1 Oral streptococci including
Streptococcus gordonii, Streptococcus sanguinis, Streptococcus oralis and
Streptococcus mitis are particularly well adapted for the initial colonization of tooth surfaces because they produce a multitude of cell surface adhesin proteins and glycoproteins that recognize host receptors in the salivary pellicle. [2] [3] [4] Many of these adhesins also contribute to the subsequent development of dental plaque by mediating cell-cell binding, known as coaggregation, with other oral bacteria. [5] [6] [7] Oral streptococci are considered to be opportunistic pathogens because they can enter the bloodstream and are among the leading causes of the rare, but life-threatening, disease infective endocarditis. 8 However, in mature dental plaque there is evidence that oral streptococci protect against dental caries. Some species produce arginine deiminase, which generates ammonia and neutralizes plaque acid, leading to shifts in the microbiome towards health. [9] [10] [11] Arginine deiminase also directly influences other oral bacteria by acting as an interspecies signaling molecule. For example, the arginine deiminase of Streptococcus cristatus is sensed by the periodontal pathobiont Porphyromonas gingivalis and leads to downregulation of virulence gene expression. 12 The uptake of arginine by oral streptococci such as S. gordonii occurs through an arginine-ornithine antiporter, ArcD, and ornithine released into the growth medium can be used by other species such as Fusobacterium nucleatum. 13 However, at high concentrations (≥50 mm), arginine can disrupt coaggregation between S.
gordonii and F. nucleatum by inhibiting the F. nucleatum adhesin RadD. 14, 15 High concentrations of arginine also disrupt multispecies oral microbial biofilms or S. gordonii monospecies biofilms. [16] [17] [18] [19] There is evidence that oral streptococci such as S. gordonii use arginine as a key signal for growth processes and biofilm formation.
Streptococcus and related genera including Enterococcus, Lactococcus
and Lactobacillus possess between two and four copies of ArgR family arginine-sensing transcriptional regulators, enabling close co-ordination of arginine biosynthesis, catabolism and transport. 19 The S. gordonii genome, for example, encodes three different ArgR family regulators designated ArgR, AhrC and ArcR. Shifting S. gordonii cells from argininereplete medium to medium lacking arginine results in changes in expression of > 450 genes, nearly one-quarter of the entire genome. 19 Arginine sensing and biofilm formation pathways are triggered by intermicrobial interactions. For example, interactions with Candida albicans lead to downregulation of S. gordonii arcA and arcB encoding components of the arginine deiminase system, and upregulation of the biofilm-associated operon fruRBA. 20 
Coaggregation of S. gordonii with
Actinomyces oris resulted in the co-ordinated downregulation of nine arginine biosynthesis genes and upregulation of the biofilm-promoting bfb locus. 21 Coaggregation with A. oris also enabled the growth of S.
gordonii in arginine-restricted medium. Therefore, it is possible that S.
gordonii arginine-dependent regulators are employed to sense cell-cell interactions and respond by initiating growth or biofilm formation.
On the basis of the above observations, we hypothesized that one or more genes involved in arginine regulation and/or metabolism are linked to biofilm formation in oral streptococci. Streptococcus gordonii has been well-characterized in terms of responses to arginine, so we used this species as a model to explore the genetic basis of the link between arginine and biofilm formation by oral bacteria. Initially, a molecular genetic approach was employed to screen for components of arginine pathways (regulation, biosynthesis, or catabolism) that are linked to biofilm formation. To obtain further insights into argininemediated gene regulation, we characterized the regulons of the three S. gordonii ArgR homologues, ArcR, ArgR and AhrC.
| MATERIALS AND METHODS

| Bacterial strains and growth conditions
Bacterial strains used in this study are listed in Table S1 . 
| Genetic manipulation of S. gordonii
Routine genetic manipulations were conducted in accordance with standard protocols. 22 Previously constructed gene knockout mutants are described in the Supplementary material (Table S1 ). Disruption of SGO_ RS04150 (here designated "earA") was performed using polymerase chain reaction (PCR) overlap extension mutagenesis as described by Jakubovics et al. 19 Briefly, flanking regions of the earA gene were PCR amplified using primers earA F1 ovex and earA R1 kan ovex to generate an 869-bp product in the 5′ region of earA and earA F2 kan ovex and earA R2 ovex to generate a 903-bp product in the 3′ end of earA (see Table S2 ). The aphA3 cassette (910 bp) was amplified from plasmid pSF151 with primers kan F1 ovex/kan R1 ovex. The PCR products were stitched together in an overlap extension PCR. The resulting product was cleaned and used for transformation of S. gordonii DL1. Successful disruption and replacement of earA gene with the aphA3 cassette was confirmed by DNA sequencing.
To produce a genetic complementation strain (S. gordonii arcR Comp 
| Crystal violet biofilm assay
Biofilms for crystal violet assays were cultured on the surface of Cellstar ® 96-well microtiter plates in TYEG medium without shaking, aerobically for 18 h at 37°C (Greiner Bio-one, Stonehouse, UK).
The biomass was measured as described by Shields et al. 25 Biofilms were submerged in 100 μL of 0.5% (w/v) crystal violet. After incuba- Dunnett's post-hoc test, and P < .05 was considered significant. 19 Other primers are described in Table   S2 . Standard curves, melting curves and agarose gel electrophoresis analysis of the cDNA were routinely included to validate the RT-qPCR experiments.
| Fluorescent staining and imaging
| Microarray analysis
Microarray analysis was performed as described by Jakubovics et al. 19 using a previously designed microarray containing 2051 probes for S.
gordonii genes (GEO accession GPL17786). Samples of RNA from four independent experiments per strain/growth condition were sent to the Genomics and Microarray Facility, Birmingham University, UK for reverse transcription, labeling and hybridization. The microarray series for S. gordonii DL1 in high or no arginine was previously deposited as GEO accession GSE51346. Other data series for arginine-dependent regulator mutants in high or no arginine were deposited in GEO under the accession number GSE101509.
Data were analyzed using Agilent GEnEsprInG GX software. Probe expression data were quantile normalized to enable unbiased comparisons between samples. To assess the relatedness of samples, principal component analysis (PCA) was carried out using the normalized data.
Outliers identified in the PCA analysis were removed before proceeding to significance analysis. A moderated t-test was used to determine statistics for each probe. The resulting P-values were then adjusted using the Benjamini-Hochberg multiple testing correction procedure. 26 For each comparison, probes with a corrected P-value of ≤ .05 and with fold change numerically greater than 2 were considered to be differentially expressed between conditions. Rank product analysis was carried out using the RP method implemented in the r package "RankProd". 27, 28 This method applies a non-parametric statistical test, based on rank ordering of genes according to fold changes, to detect genes that are consistently upregulated or downregulated in replicated experiments. The heatmap was produced using the r package ComplexHeatmap. 29 
| RESULTS
| Effects of disrupting arginine metabolism or regulation genes on S. gordonii biofilm formation
To investigate the genetic basis for the previously observed links between arginine sensing and biofilm formation in S. gordonii, a range of mutants lacking genes involved in arginine-dependent regulation, arginine catabolism or biosynthesis were screened for their ability to form biofilms in a high-throughput static 96-well microplate system. Biofilms were cultured for 24 h in TYEG medium, washed and stained with crystal violet to quantify the biofilm biomass ( Figure 1 ). Biofilm formation was not significantly different from wild-type levels in any of the single mutants screened with the exception of S. gordonii ∆arcR, which formed approximately 50% less biofilm than S. gordonii DL1. This was not due to a defect in planktonic growth as the growth yield, measured as the OD 600 of the well before washing and staining, was almost identical between S. gordonii DL1 and ∆arcR (data not shown).
It was consistently observed that biofilms formed by S. gordonii
ΔarcR appeared similar to those produced by the wild-type until they were agitated, indicating that cells were loosely attached. The 
| Visualization of biofilms and genetic complementation of S. gordonii ΔarcR
Analysis of biofilms by confocal laser scanning microscopy with BacLight LIVE:DEAD staining revealed clear differences between biofilms formed by S. gordonii DL1 and S. gordonii ΔarcR (Figure 2 
| Analysis of the ArcR regulon
To assess the effects of disrupting the arcR gene on global gene ex- Initially, the results from the microarray were validated by assessing the expression levels of seven genes under high and no arginine using RT-qPCR. The genes argC, argG, pyrAb, arcA, arcB, arcD and amyB ( Figure 3) were selected for this analysis. Of these, amyB was included as a control, and the other genes were chosen because they were previously reported to be implicated in arginine metabolism and transport. 19 The comparison showed a strong correlation between the microarray and RT-qPCR, with r 2 values of .995 and .777 for S. gordonii DL1 and ΔarcR, respectively, and slopes very close to 1 for each strain. To further assess the validity of individual microarray experiments, gene regulation from all S. gordonii DL1 and ΔarcR microarray samples under high and no arginine was compared by principle coordinates analysis (PCoA; data not shown). Four independent experiments were performed for each strain under each condition, giving a total of 16 microarray samples. However, PCoA identified two outliers in the data: one sample each of S. gordonii DL1 under high arginine and no arginine. These samples were removed from subsequent data analysis.
In total, 26 genes were significantly different between S. gordonii DL1 and ΔarcR under arginine-replete conditions (Table S3 ). This included arcR itself, which gave a detectable signal in the knockout strain even though the gene was not present. This signal was very low and gordonii ΔarcR: SGO_RS02495 and SGO_RS08100 encoding putative PTS enzyme IIABC components (both downregulated ~2-fold) and the coiA gene encoding a putative gene involved in genetic competence, which was nine-fold downregulated.
To assess the impact of the arcR gene knockout on the ability of S. gordonii to respond to arginine, the ratio of gene expression following a shift to no arginine versus maintenance in high arginine for each of the above genes was calculated for S. gordonii DL1 and ΔarcR gordonii DL1 but were more strongly downregulated in response to arginine restriction in S. gordonii ΔarcR. The reverse was seen with SGO_ RS07765 encoding peptidase S11 and coiA, which were more strongly 
| Gene regulation in S. gordonii ∆argR and ∆ahrC
To compare the ArcR regulon with those of the orthologous ArgR- and ΔarcR arrays. Performing microarray analyses at different times can lead to "batch effects" where absolute gene expression levels are slightly different across arrays due to the use of different reagents or slight changes in protocol. 30 Further, a relatively high proportion of probes (~19%) did not give a quantifiable signal from the S. gordonii ΔargR and ΔahrC samples. To assess the relationships between the microarrays, the data from each array were compared by PCoA ( Figure S1 ). The data for S. gordonii ΔargR and ΔahrC clustered together and were well separated from S. gordonii DL1
and ΔarcR. Although it is possible that these observations reflect genuine biological differences between the strains, the comparisons between S. gordonii ΔargR/ΔahrC and S. gordonii DL1/arcR must be gordonii ΔargR/ΔahrC and S. gordonii DL1 under high arginine.
Rank product analysis does not quantify the differences in expression levels between mutants and wild-type, but instead ranks the most strongly regulated genes. In total, 109 genes were identified using this approach that were differentially regulated in S. gordonii ΔargR and/ or ΔahrC compared with S. gordonii DL1 (Table S4) 
| Role of SGO_RS04150 in biofilm formation
Of the differentially regulated genes, SGO_RS04150 (SGO_0846) was of particular interest because it was strongly regulated in S. gordonii
ΔarcR. This gene is annotated as encoding a cell wall protein in the NCBI database. Using SignalP, 31 we identified a putative N-terminal secretion signal. However, using PSORTb 32 we were unable to detect an LPxTG cell wall anchor or a lipoprotein motif and it is possible that the protein is secreted from the cell surface. To confirm that this 
| DISCUSSION
Our studies identified ArcR as a key determinant of biofilm formation in S. gordonii. As no arginine metabolic gene disruptions affected biofilm formation, it appears that ArcR may be acting through a mechanism that is independent of regulation of arginine metabolism. Interestingly, a different ArgR family regulator, EF0676, the orthologue of ArgR, was identified in a transposon mutant screen for biofilm-associated genes in Enterococcus faecalis. 33 Subsequently, the homologue of AhrC, EF0983, was also implicated in biofilm formation as strains carrying a transposon insertion were impaired in the development of biofilms in vitro and in biofilm infection models of infective endocarditis and catheter-associated urinary tract infection. 34 The E. faecalis genome also contains two genes encoding orthologues of S.
gordonii ArcR that have been named argR2 and argR1. 35 However, to the best of our knowledge neither of these, or any other orthologues of S. gordonii arcR, have yet been associated with biofilm formation phenotypes.
ArgR-family regulators form hexameric complexes that are activated by the binding of arginine, and bind to regulatory regions termed ARG box elements in the upstream region of target genes. 36 It is not clear why streptococci and related bacteria produce multiple ArgR family homologues. In particular, the function of ArgR and AhrC is often very similar, and knocking out one or other gene is sufficient to abrogate arginine-dependent regulation of target genes. 19 It has been postulated that these may form a heterohexameric complex or that they may co-ordinate gene expression by crossregulating one another. 37 Transcriptome analysis in Lactococcus lactis or Streptococcus pneumoniae has identified minor differences between the ArgR (termed ArgR1 in S. pneumoniae) and AhrC regulons, indicating that heterohexameric complexes containing both ArgR and AhrC are not essential for gene regulation. 38, 39 By contrast, direct comparison between gene expression in S. gordonii ΔargR and
ΔahrC here did not identify any significant differences between the strains in either high or no arginine. Nearly 20% of the probes failed to reach the quality control thresholds and it is possible that some differences between the ArgR and AhrC regulons were missed in our analysis. Nevertheless, it appears that ArgR and AhrC have very similar functions in S. gordonii.
In a previous microarray analysis of S. gordonii DL1, > 450 genes were shown to be significantly regulated following a shift from high Biofilms were grown in TYEG medium aerobically for 18 h, and quantified by measuring absorbance of crystal violet-stained cells at 562 nm. Bars represent means of three independent biological replicates, and error bars show standard error. Significant differences between mutants and wild-type are indicated by an asterisk. Disruption of earA did not significantly reduce biofilm formation in wild-type or ΔarcR genetic backgrounds to no arginine. 19 Streptococcus gordonii has the capacity to biosynthesize arginine, but does not grow aerobically in media lacking arginine. 21 Therefore, it is possible that some of this gene regulation was an adaptation to stress rather than a specific response to the lack of arginine. In growth experiments using FMC medium, S. gordonii
ΔargR, ΔahrC and ΔarcR were similarly impaired in aerobic growth in the absence of arginine (data not shown). Therefore, differences in gene regulation between S. gordonii DL1 and the mutant strains are likely to reflect the function of the regulators rather than simply stress imposed by the lack of arginine and the subsequent growth arrest. Many of the genes that were regulated in S. gordonii DL1 following a shift from high to no arginine, including arginine and histidine biosynthesis operons, were upregulated specifically in high arginine in S. gordonii ΔargR or ΔahrC compared with wild-type (Table S4) The target DNA binding sequence for S. gordonii ArcR has been investigated by DNase I footprinting, and shown to consist of a 27-bp region with little identity to ARG box motifs. 43 ArcR has previously been shown to regulate the expression of the arcABC operon, queA and argGH. 19, 44, 45 The microarray analysis identified queA and argGH as genes that were upregulated in S. gordonii ΔarcR compared with wild-type under high arginine. Interestingly, however, arcA, arcB and arcC were not differentially expressed between S. gordonii DL1 and
ΔarcR under high or no arginine by microarray analysis. All three genes
were upregulated approximately three-to four-fold in high arginine compared with no arginine in both strains. It is well-established that disruption of the arcR gene abrogates arginine-dependent activation of arcABC expression 19, 45 and it is therefore not clear why this was not seen in the microarray data. However, using RT-qPCR, which has a higher dynamic range than microarrays, 46 it was found that expression of arcA and arcB was significantly lower in S. gordonii ΔarcR than the wild-type under high arginine, in line with previous observations (data not shown).
In addition to known genes, ArcR was shown to have a major impact on the regulation of the phosphoenolpyruvate:sugar phosphotransferase system (PTS) components. Oral streptococci use many different carbohydrates for growth and PTSs are the primary mechanism for sugar uptake. 47 Using proteomic analysis, it was found that PTSs are a common target for gene regulation in S. gordonii following interspecies interactions with P. gingivalis and F. nucleatum. 48 In addition, the PTS operon fruRBA was upregulated following adhesion of S.
gordonii to C. albicans. 20 This operon was previously shown to have a key role in biofilm formation. 49 Although fruRBA was not regulated by ArcR, another PTS (levDEFG) was strongly (7- In addition to PTSs, disruption of arcR also led to a change in the regulation of an apparent four-gene operon containing a magnesium transporter, CAAX amino protease, methyltransferase and peptide chain release factor 3. These genes were only weakly regulated by arginine in S. gordonii DL1, but were more strongly downregulated by a shift to no arginine in S. gordonii ΔarcR. It is not clear why these genes are linked to arginine sensing in S. gordonii. However, it is noteworthy that this operon is immediately upstream of acnA, which contains an ARG box element in the promoter region. The gene encoding a protease was one of two CAAX protease-encoding genes that were regulated by ArcR. The function of these proteins is not fully understood, but some of them play a role in self-immunity against bacteriocins. 52 Oral streptococci possess many paralogues of genes encoding CAAX amino proteases: S. gordonii has 14, whereas S. sanguinis has 21
paralogues, more than any other species that has been analyzed to date. 52 One of these proteases in S. gordonii (BfrH) and two in S. sanguinis (BfrH1 and BfrH2) are regulated by biofilm-associated BfrAB two-component systems and it has been speculated that these may play important roles in processing proteins that are secreted to promote biofilm development. 53 The ClpP protease complex may also be domains is not well-understood. 56 It was possible that the dramatic increase in expression of earA in S. gordonii ΔarcR may be associated with the observed biofilm defect. However, disruption of the earA gene in S. gordonii DL1, ΔarcR or arcR Comp did not affect biofilm formation compared with the respective parent strain, indicating that EarA is not a major contributor to biofilm development.
In conclusion, we have identified ArcR as a key gene in biofilm formation by S. gordonii. The mechanism by which ArcR affects biofilm growth or stability remains unclear, but it is possible that changes in the co-ordination of PTS expression may be at least partly responsible.
Further work is required to establish whether arginine is the only stim- 
